Abstract. This research work investigates diesel combustion and exhaust emissions with additives addition to conventional diesel fuel in a four-stroke naturally aspirated direct injection (DI) diesel engine. The additives include DGM, and liquid cerium. The results show that with the addition of DGM to diesel fuel, brake specific energy consumption (BSEC) and all diesel emissions are significantly reduced. The volumetric blending ratios of additives to diesel fuel are 0, 25, 50, 75 and 100%. All emissions including smoke emissions decrease with the increase in oxygen content in the fuel and it is noted that smoke emission completely disappeared at an oxygen content of 36 wt-%. The reason for improvement in BSEC with the addition of additives to base diesel fuel is the improvement of degree of constant volume combustion, and the reduction of the cooling loss. Engine noise and odor concentrations are remarkably reduced with diesel-additive blends. Significant improvement in BSEC and exhaust emissions is not only found at medium load condition but also at high load condition.
INTRODUCTION
As for the fuels in diesel engines, research has been conducted to identify the effects of fuel properties on diesel combustion and exhaust emissions. For example, sulfur content in fuels has been reduced in order to improve the acid rain problem and its reduction to 0.05 wt-% has been set as regulations to reduce particulate levels. Other fuel properties related to the improvement include aromatic content, ignitability, oxygen content, viscosity and distillation temperature [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . As for oxygen content or oxygenates, the addition of lower alcohols such as methanol and ethanol to diesel fuel was effective in reducing particulate emissions without sacrificing other emission components [12, 13] . However, there were problems as the methanol has inherently poor solubility to diesel fuel and poor lubricity, and its lower ignitability made it impossible to use neat alcohols or high blending ratios in conventional diesel fuel without special measures to improve ignition. Non-alcohol organic compounds have also been investigated to improve diesel combustion and emissions [14] [15] [16] . Methyl-t-butyl ether (MTBE) is a promising oxygenated fuel, which has already been used as an octane improver in gasoline. While having extremely poor ignitability like lower alcohols, MTBE may be more easily utilized in diesel engines as it has infinite solubility in diesel fuel. Dimethyl ether (DME) is another recent promising oxygenated fuel easily made from methanol, natural gas or coal [17] [18] [19] . The DME has very high ignitability, different from lower alcohols and MTBE, but its utilization in diesel engines is not easy, as DME is gaseous under atmospheric conditions. Miyamoto et al. [15] investigated eight kinds of oxygenates blended with conventional diesel fuel up to 10 vol-%. The results indicated that smoke and particulate were effectively reduced without sacrificing thermal efficiency and that the reduction depended almost entirely on the oxygen content of the fuels.
In this work, diesel combustion and exhaust emissions are investigated with the addition of DGM and cerium to diesel fuel. DGM has an oxygen content of 36 wt-%. The addition of DGM to diesel fuel has significantly improved BSEC and exhaust emissions. However, no significant improvement in exhaust emissions is found when cerium is added to diesel fuel.
EXPERIMENTAL APPARATUS AND PROCEDURE OF EXPERIMENTATION
The experiments were conducted on a single cylinder four-stroke cycle, DI diesel engine (specification is shown in Table 1 ). The engine operating conditions included an engine speed of 1320 rpm, start of fuel injection at 5° CABTDC (optimum for fuel consumption), and a coolant temperature of 80°C. DGM and conventional diesel fuel (JIS No.2) were used in experiments. The properties of additives and other diesel fuels are shown in Tables 2 and 3 respectively. The NOx concentrations were measured with a Chemiluminescence's analyzer (CLD); the unburned total hydrocarbon was also measured with a heated flame ionization detector (HFID) and the smoke density with a Bosch smoke meter. 
RESULTS AND DISCUSSIONS

Effect of DGM Addition to Diesel Fuel on Diesel Combustion and Exhaust Emission
Inferior fuels, like high viscous, low cetane number etc. have some problems to ignite in the combustion chamber due to their inherent inferior properties. To use these inferior fuels effectively, an attempt was taken to blend them with a liquid oxygenated fuel, DGM. The volumetric blending ratios are set to 0, 25, 50, 75, and 100%. Among the different fuel properties, one of the major interests in this research is fuel viscosity. Figure 1 shows the BSEC and exhaust emissions with DGM blended base diesel fuels at medium load condition (brake mean effective pressure, BMEP = 0.69 MPa). It is seen from the figure that with the increase in oxygen content in the fuel, all exhaust emissions and BSEC decrease. Decreasing of BSEC means the improvement of thermal efficiency. Figure 2 shows smoke and total particulate matter (TPM) emissions for different DGM-diesel fuel blends under the same operating conditions as stated in Figure 1 . For high viscous fuels, the smoke emission is apparently higher than that of the low viscous fuel. The smoke emission decreases with the increase in oxygen content for either base fuel. For high viscous fuel, the reduction in smoke emission is remarkable and completely disappeared at an oxygen content of 36 wt-%, regardless of the blends of the base fuels. 
Reason for BSEC Improvement
To clarify the mechanism for improvement of BSEC with DGM, the combustion efficiency η c , the degree of constant volume combustion η glh, and the heat loss to the coolant η cool are shown in Figure 4 . With the increase in DGM content, which implies the increase in oxygen content in the fuel, the degree of constant volume combustion improves slightly, while the combustion efficiency improves significantly, but the cooling loss is unchanged. The increases in constant volume combustion and combustion efficiency are the two reasons for BSEC improvement with DGM addition.
An additional factor, which affects the improvement in BSEC may include the increase in the number of molecules by fuel injection and combustion, which is considerably larger with the DGM than with diesel fuel, as shown in Figure 5 . The ordinate shows the number of molecules calculated from the fuel injection and combustion processes. This larger number of molecules after burning is an indication of BSEC as well as thermal efficiency improvement. Figure 6 shows the ignition lag and engine noise with different blending ratios of DGM to diesel fuels. The figure shows that engine noise decreases dramatically by about 3 dB(A) for DGM. Ignition lag, which has a relationship with engine noise decreases with the increase in DGM content (oxygen content) in the fuel. The cetane number of DGM is three times higher than that of conventional diesel fuel. Higher cetane number means higher ignitability. Higher ignitability fuel causes lower combustion peak, which results in lower engine noise. The remarkable reduction in engine noise and ignition lag cause higher ignitability of DGM than that of diesel fuel. Figure 7 shows the changes in unburnt THC emissions and odor concentration under starting condition with neat DGM and diesel fuel. The abscissa shows the elapsed number of cycles for the first fuel injection cycle. The odor concentration, which is obtained by sensory inspection, shows a dilution ratio of air and exhaust gas, where human senses no smell [20] . With DGM, the unburnt THC and odor concentration under starting condition, which may have some relation to each other, are seen to be much lower than with the diesel fuel. Figure 8 shows the effect of cerium addition to diesel fuel on diesel emissions using exhaust gas recirculation (EGR). The engine speed is set at 1320 rpm and the BMEP is 0.69 MPa. It is seen from the figure that with the increase in cerium content in the diesel fuel, the exhaust emissions including NOx has no changes for every EGR conditions, while smoke, THC and CO emissions reduced with the addition of cerium to the diesel fuel when 20% EGR is applied. Figure 9 shows the TPM with and without cerium addition to diesel fuel. The engine speed is set at 1320 rpm, BMEP is 0.69 MPa, cerium content to diesel fuel is 200 wt-ppm and EGR rate is 20%. It is obviously seen from the figure that with cerium addition to diesel fuel, TPM is lower than that of conventional diesel fuel. Thus it can be concluded that diesel exhaust emissions can be reduced or unchanged with the addition of cerium to diesel fuel when EGR is applied. 
Improvement of Engine Noise with DGM Addition to Diesel Fuel
Improvement of THC and Diesel Odor with the Addition of DGM to Diesel Fuel
Diesel Emissions with the Addition of Cerium to Diesel Fuel
CONCLUSIONS
This work investigates diesel combustion and exhaust emissions with the addition of additives to diesel fuels. The results of this research may be summarized as follows:
(i) Significant improvements in BSEC, THC, NOx, CO, engine noise and ignition lag are obtained with the addition of DGM.
(ii) With DGM-diesel blends, remarkable reductions in smoke and TPM emissions are experienced not only for medium load condition but also for high load condition. (iii) Improvements of BSEC and exhaust emissions depend on the oxygen content in the fuels regardless of the DGM-diesel blending ratios. (iv) The BSEC improvement with DGM is caused by the desirable increases in the degree of constant volume combustion and the higher combustion efficiency. (v) The unburnt THC emission and odor intensity under starting condition are much lower with neat DGM than with diesel fuel. (vi) With EGR, addition of cerium to diesel fuel, exhaust emissions almost unchanged for 0 and 10% EGR rate but CO, THC and smoke emissions reduced slightly for EGR rate of 20%. TPM is also reduced with cerium addition to diesel fuel.
